In cardiac myocytes, the cytoplasmic-free concentration of Mg 2ϩ ([Mg 2ϩ ] i ) is maintained at or slightly lower than 1.0 mM [1-4], a level several hundred fold lower than that expected from its passive distribution. It follows that Mg 2ϩ must be actively extruded from the cells to counterbalance Mg 2ϩ influx driven by the electrochemical gradient across the cell membrane.
] i ) is maintained at or slightly lower than 1.0 mM [1] [2] [3] [4] , a level several hundred fold lower than that expected from its passive distribution. It follows that Mg 2ϩ must be actively extruded from the cells to counterbalance Mg 2ϩ influx driven by the electrochemical gradient across the cell membrane.
As it is such an active extrusion pathway, it has been postulated that a Na ϩ -Mg 2ϩ exchange that utilizes energy from Na ϩ influx plays an important role in cardiac myocytes [5] [6] [7] as well as in other cell types (for review, see Flatman [8] and Romani and Scarpa [9] ).
However, experimental evidence of the Na ϩ -Mg 2ϩ exchange in cardiac myocytes is controversial [3, 4, 10] , and detailed properties of the transport still remain largely unknown.
The present study was aimed to determine, under control of the membrane potential, if Na ϩ -Mg 2ϩ exchange plays an essential role in cardiac myocytes, and how the membrane potential, over a wide range, modulates the transport of Mg 2ϩ across the cell membrane. This information is one of the important clues to the elucidation of Na . The rate of decrease in [Mg 2ϩ ] i was influenced little by membrane depolarization from Ϫ80 to Ϫ40 mV, but the [Mg 2ϩ ] i decrease accelerated significantly at 0 mV by, on average, ϳ40%. Hyperpolarization from Ϫ80 to Ϫ120 mV slightly but significantly slowed the decrease in [Mg 2ϩ ] i by ϳ20%. The results clearly demonstrate an extracellular Na ϩ -and intracellular Mg 2ϩ -dependent Mg 2ϩ efflux activity, which is consistent with the Na ϩ -Mg 2ϩ exchange, in rat ventricular myocytes. We found that the apparent rate of Mg 2ϩ transport depends slightly on the membrane potential: facilitation by depolarization and inhibition by hyperpolarization with no sign of reversal between Ϫ120 and 0 mV. [Japanese Journal of Physiology, 52, 541-551, 2002] dependent Mg 2ϩ transport in rat ventricular myocytes under voltage-clamp. Using the whole-cell patchclamp method, they reported that depolarization of the membrane accelerated the rate of Na ϩ -dependent Mg 2ϩ efflux, or the putative Na ϩ -Mg 2ϩ exchange. We applied, in the present study, the perforated patchclamp technique with amphotericin B [12, 13] in combination with optical measurements of [Mg 2ϩ ] i [1] . Because amphotericin B renders the cell membrane permeable only to monovalent ions, the perforated patch-clamp technique has significant advantages over the standard whole-cell patch-clamp method [14] for the present study because the intracellular concentrations of Mg 2ϩ and Mg 2ϩ buffers (e.g., ATP) should be minimally disturbed by intracellular perfusion of the pipette solution. Additional mechanisms of Mg 2ϩ removal are introduced in the standard whole-cell patchclamp method, as Mg 2ϩ and buffers diffuse out of the cell through the ruptured membrane patch. Processes that depend on soluble intracellular substances also rapidly become rundown after rupture of the membrane, as is well known by the rapid rundown of Ca 2ϩ channel function. Using the present approach, we were thus able to reliably monitor [Mg 2ϩ ] i for many minutes with precise control of the membrane potential.
Some of the results have been reported in abstract form [15] .
METHODS
General. Hearts were obtained from male Wistar rats anesthetized by intraperitoneal injection with pentobarbital in accordance with the Guiding Principles for the Care and Use of Animals approved by the Council of the Physiological Society of Japan. Single ventricular myocytes were isolated enzymatically as previously described [7, 16] and placed in a chamber mounted on the stage of an inverted microscope (TE300; Nikon Inc., Tokyo, Japan). Cells were superfused with normal Tyrode's solution composed of (mM): 135 NaCl, 5. (Figs. 1-4) , a shutter for the excitation light beam was opened for only 10 s when the fluorescence was measured to minimize UV exposure. For the measurements with higher time resolution (Figs. [4] [5] [6] , continuous UV illumination to the cells for up to 40 min caused an approximate 20% decrease in the F(350), which was probably due to photobleaching of the indicator. However, similar estimates of the rates of decrease in [Mg 2ϩ ] i were obtained with these two different protocols for the fluorescence measurements (see legend of After each experiment, intensities of background fluorescence (instrumental stray fluorescence plus cell autofluorescence) were measured without furaptra loading from 3-5 myocytes with a size (lengthϫ width) similar to that used for the experiment; the average value at each excitation wavelength was subtracted from the total fluorescence measured from the furaptra-loaded myocyte to calculate indicator fluorescence intensity. Because cell autofluorescence represents a minor fraction of the total fluorescence intensity at 350 and 382 nm excitation (on average, 0.7-2.5% [1] ] range between 1 and 4 mM [19] .
Perforated patch-clamp. The perforated patch-clamp configuration was used to voltage-clamp the myocytes. Patch pipettes were pulled from borosilicate glass capillaries (GC150TF-7.5, Harvard Apparatus Ltd., Kent, TN, USA) using a vertical puller (PC-10, Narishige, Tokyo, Japan) to give a resistance of 2-5 M⍀. The pipette solution contained (mM): 130 KMS (K-methanesulfonate), 10 NaCl, 1 CaCl 2 , 1 MgCl 2 , and 10 MOPS; pH adjusted to 7.20 by KOH. Ca 2ϩ was included in the pipette to detect spontaneous rupture of the patch membrane, in which case the cell died rather quickly [20] . The glass pipette was first filled by dipping the tip into the pipette solution, and then backfilled with the solution that contained 600 g/ml amphotericin B. After obtaining a G⍀ seal, the pipette potential (the holding potential) was set to Ϫ80 mV with a CEZ-2400 amplifier (Nihon Kohden Inc., Tokyo, Japan) and pCLAMP software (Axon Instruments Inc., Foster City, CA, USA), and voltage pulses (Ϫ10 mV amplitude, 20 ms duration) were delivered at 1 Hz to monitor the series resistance. Cell membrane perforation was judged by the appearance of a capacitive current as shown in Fig. 2a-e . Values for the series resistance and cell membrane capacitance were estimated from the capacitive currents [21] . In general, experiments were started when the series resistance approached 50 M⍀. Estimated cell membrane capacitance remained reasonably constant in each experiment; the mean value was 172Ϯ9 pF (range 84-262 pF) in 27 myocytes. The series resistance error (calculated as the holding current times series resistance [21] ) was in the range of Ϫ8.4 mV (at the holding potential of Ϫ120 mV) to ϩ9.3 mV (at the holding potential of 0 mV), but was generally within Ϯ4 to 5 mV for the myocytes analyzed in the present study.
Current and voltage signals were low-pass-filtered at 5 kHz and digitized at 10 kHz. Because a liquid junction potential of Ϫ12 to Ϫ8 mV was found between the pipette solution and various bath solutions, all voltage data presented in this article were corrected for a liquid junction potential of Ϫ10 mV.
Solutions and chemicals. -free Tyrode's solution without osmotic compensation. In some experiments, 3 M tetrodotoxin (Alamone Labs, Jerusalem, Israel) and 30 M verapamil (verapamil hydrochloride; Sigma-Aldrich Co., Tokyo, Japan) were included to inhibit Na ϩ and L-type Ca 2ϩ channels, respectively. Furaptra (tetra-potassium salt of mag-fura-2) and furaptra AM (mag-fura-2 AM) were purchased from Molecular Probes, Inc. (Eugene, OR, USA). EGTA was obtained from Sigma-Aldrich Co. Amphotericin B (Sigma-Aldrich Co.) was dissolved into the pipette solution every 60 min from a 120 mg/ml stock solution in DMSO (DOTITE Spectrosol, Dojindo, Kumamoto, Japan). All other chemicals were of reagent grade.
Data analysis. All current data were analyzed with pCLAMP software (Clampfit version 8.0.0.70). Linear least-square fitting and statistical analysis were carried out with the program Origin (Ver. 6.1, Microcal Software, Inc., Northampton, MA, USA). Twotailed Student's t-test was used for statistical comparison with the significance level set at pϽ0.05. Statistical values were given as meanϮSEM. [6, 7] . Thereafter, the decrease in [Mg 2ϩ ] i was slower until a steady level was reached at the basal level. Because substantial cellular Mg 2ϩ loading could be achieved in intact myocytes (i.e., without ionomycin treatment used by Tashiro and Konishi [7] ), we decided to employ this protocol for the rest of the study. A G⍀ seal was formed in the high-Mg 2ϩ solution after myocytes were incubated in the solution for 3-6 h. We then waited for sufficient perforation of the cell membrane (as determined by low series resistance) before starting the experiments shown in Figs. 2, 3 , 5, and 6. In some experiments, we estimated the membrane potential of the myocytes with the current clamp mode of the perforated patchclamp recordings; in the high-Mg 2ϩ solution it averaged Ϫ74.1Ϯ3.6 mV (range between Ϫ81.0 and Ϫ63.8 mV, 4 myocytes). In two myocytes with an average membrane potential of Ϫ75.8 mV (Ϫ76.0 and Ϫ75.5 mV) in the high-Mg 2ϩ solution, membrane potential was slightly hyperpolarized to Ϫ79.9 mV (Ϫ80.0 and Ϫ79.7 mV) in the essentially Na ] i measurements carried out at the holding potential of Ϫ80 mV is shown in Fig. 2 . Perforation of the cell membrane by amphotericin B decreased the series resistance with time, as judged from the progressive increase in capacitive transients ( Fig. 2a-e) . Even after [Mg 2ϩ ] o was lowered to 1 mM, the level of [Mg 2ϩ ] i was sustained (or even slightly increased) in the virtual absence of extracellular Na ϩ , but it started to fall rapidly upon the introduction of 140 mM Na (Fig. 2f) , a 60 mV depolarization elicited a large inward current (probably carried by Na ϩ ) followed by a small transient outward current (probably carried by K ϩ ), suggesting that the basic properties of the cell membrane remained intact. Owing to the relatively high series resistance, the time course (and probably also peak amplitude) of the Na ϩ current was found to be somewhat distorted in the close observation of the current with an expanded time scale (not shown), indicating a somewhat slow voltage-clamp. Note, however, that the present patch-clamp experiments focused only on the changes in a time scale of seconds.
RESULTS

Mg
The changes in [Mg 2ϩ ] i observed at the holding potential of Ϫ80 mV may be compared with those obtained without the patch-clamp configuration at the membrane potential range near Ϫ80 mV: the range between Ϫ80 and Ϫ72 mV was found during the present solution protocol (see above). In Fig. 3 Fig. 4 ] i (data points indicated by downward arrows in Fig. 4 ). 
In f, membrane currents (lower) measured in response to a step depolarization from Ϫ80 to Ϫ20 mV (upper) at the end of the experiment are shown. Cell 072501c1; cell capacitance 84 pF.
Fig. 3. Comparison of the rates of decrease in [Mg
2؉ ] i observed with (᭹) and without voltage-clamp (᭺).
The solution protocol indicated at the top was similar to that shown in Fig. 2 . Filled circles at times between 0 and 1,800 s represent mean values measured in three myocytes at the holding potential of Ϫ80 mV; error bars are not shown for clarity. For the later period, data obtained from a single myocyte are plotted. Open circles represent mean (ϮSEM) values obtained from six myocytes. Note that the myocytes of both groups were loaded with Mg 2ϩ to achieve average [Mg 2ϩ ] i levels of ϳ1.8 mM just before the introduction of extracellular Na ϩ at 600 s.
Voltage dependence of the net Mg 2؉ efflux from loaded myocytes
With perforated patch-clamp recordings, the voltage dependence of the net Mg 2ϩ efflux could be studied. ] o was small and essentially unchanged by a depolarization to 0 mV. In this myocyte, depolarizations from Ϫ80 to 0 mV and Ϫ40 mV applied during the Mg 2ϩ efflux induced by 70 mM Na ϩ did not appear to significantly change the slope. In some myocytes, however, the slope became clearly steeper at the holding potential of 0 mV as shown in Fig. 5B . On the other hand, depolarization to Ϫ40 mV did not cause clear changes of the slope in 10 myocytes. In these and most other experiments with depolarization, we used 70 mM Na ϩ (rather than 140 mM Na ϩ ) to induce the slower Mg 2ϩ efflux (Fig. 4) . This was because (1) ] i decrease would not be masked by saturation of the transporter.
For the experiments in which the holding potential was hyperpolarized from Ϫ80 to Ϫ120 mV, we used a low-K ϩ (0.2 mM) solution to inhibit the inward rectifier K ϩ current (I K1 ); a 40 mV hyperpolarization in the normal-K ϩ (5.6 mM) solution induced a large increase in I K1 current, and the consequential increase in the holding current often rendered the series resistance error of the membrane potential unacceptable (Ͼ10 mV). In the myocytes shown in Fig. 5C , neither a 40 mV hyperpolarizaion nor 80 mV depolarization caused marked effects on the rate of decrease in [Mg 2ϩ ] i . In five myocytes, a hyperpolarizaion from Ϫ80 to Ϫ120 mV caused a decrease in the slope by a small extent, between 5 and 30%. Figure 5D ] i by, on average, 40.7%, whereas a 40 mV hyperpolarization slightly but significantly slowed it by, on average, 21.3%. ] i values measured at the holding potential of Ϫ80 mV in the presence of tetrodotoxin (3 M) and verapamil (30 M) were very similar to those obtained in their absence, as described above (Fig. 4) . Changes in [Mg 2ϩ ] i upon depolarization from Ϫ80 to 0 mV were also found to be similar; the slope became steeper at 0 mV by, on average, 35.5 (nϭ4) and 42.6% (nϭ12), respectively, with and without the channel blockers; these values were not significantly different (see legend of Fig. 5) . Thus, the contribution of ion perme- ] i upon 80 mV depolarization were found to be similar to those observed in the absence of the channel blockers in 11 myocytes. We therefore treated data from all 15 myocytes as a single group for the statistical analysis (the 2nd pair of columns from the left). ] i before and after the addition of Ca 2ϩ was found to be similar. As shown in Fig. 6 , depolarization of the holding potential from Ϫ80 to 0 mV caused a slight acceleration in the decrease in [Mg 2ϩ ] i , by 34% in A and 16% in B; these fractional changes are within the range (8-51%) that is observed in the absence of Ca 2ϩ . Overall, the results suggest that the rate of Na ] i estimated in the present study (0.90 mM) was very similar to that previously reported with intracellular calibration (0.91 mM [1] ), but was somewhat higher than the average value obtained with in vitro calibration (0.68 mM [1] ). For electrical recordings, we used the perforated patch-clamp [12] rather than the standard whole-cell patch-clamp [14] . It has been reported that channels formed by amphotericin B do not permeate divalent ions [13] . This feature of membrane perforation by amphotericin B makes the perforated patch-clamp technique particularly suitable for the present study; [Mg 2ϩ ] i should not be affected by diffusion of Mg 2ϩ from the patch pipette. In fact, [Mg 2ϩ ] i could be monitored without any apparent perturbation by the solution exchange between cytoplasm and the pipette (Fig. 3 ).
Effects of channel blockers and extracellular
An underlying assumption of the present analysis was that changes in [Mg 2ϩ ] i reflected, at least for the most part, Mg 2ϩ flux across the cell membrane. Although it is difficult to experimentally confirm this assumption, it seems unlikely that intracellular Mg [11] reported that Na ϩ -dependent Mg 2ϩ efflux from Mg 2ϩ -loaded rat ventricular myocytes is accelerated by depolarization using the whole-cell patch-clamp method, but their experimental results and analysis were not described in detail. Tashiro and Konishi [7] reported that depolarization by high-K ϩ (55.6 mM) caused a 2.3-fold increase in the Mg 2ϩ efflux rate in rat ventricular myocytes loaded with Mg 2ϩ (see figure 7A of Tashiro and Konishi [7] ). As 55.6 mM K ϩ is expected to cause depolarization by ϳ60 mV from the calculated shift of K ϩ equilibrium potential, the acceleration of net Mg 2ϩ efflux reported by Tashiro and Konishi [7] is greater than that observed in the present study (ϳ1.4-fold by 80-mV depolarization In conclusion, we present a reliable method to study Mg 2ϩ transport under membrane potential control by simultaneous recordings of optical and electrical signals. The voltage dependence of the Mg 2ϩ transport suggested in the present study for cardiac myocytes should be tested under other experimental conditions or in other types of cells, for which a similar methodology is useful.
